A glitch-free time-to-digital converter (TDC) based on Gray code is presented. This architecture can reduce hardware, power consumption, as well as chip area significantly compared to a flash type TDC, while keeping comparable performance and glitch-free characteristics. Its proof-of-concept prototype was implemented on FPGA, and the simulation and measurement results validate the effectiveness of the proposed architecture.
Introduction
A Time-to-Digital-Converter (TDC) measures the time interval between two edges, and fine time resolution can be achieved when the TDC is implemented with an advanced CMOS process. TDC applications include phase comparators of all-digital PLLs, sensor interface circuits, modulation circuits, demodulation circuits, as well as TDC-based ADCs and phase measurement circuits. The TDC will play an increasingly important role in the nano-CMOS era, because it is well suited to implementation with fine digital CMOS processes (1) - (9) .
The architecture of a basic flash-type TDC is shown in Fig.1 (1)- (4) . The flash-type TDC uses a delay line which consists of CMOS inverter buffer delays and D flip-flops (DFF). However, it has a disadvantage on circuit complexity: for a conventional n-bit delay-chain TDC with 2 n quantization levels, at least a total of 2 1 n delay elements and 2 1 n DFFs are required, leading to large circuitry, high power and chip area. This paper describes a Gray-code based TDC which can reduce the circuit, power and chip area significantly compared to the flash TDC while keeping comparable performance. We have already proposed a residue arithmetic (RA) TDC (8) for the same purpose, but it has drawbacks of glitches due to the delay element mismatches if we do not take care of them (9) . The proposed Gray code TDC alleviates the glitch problem.
Section 2 addresses the residue arithmetic TDC and its glitch problem. Section 3 describes the proposed Gray code based TDC architecture; firstly Gray code is reviewed and its generation with a ring oscillator for TDC design is explained, and then the whole TDC architecture based on Gray code is shown. Section 4 shows FPGA implementation and measurement results of the proposed Gray code based TDCs with 4-bit, 6-bit and 8-bit resolutions. Section 5 shows the RTL simulation and FPGA measurement results that the proposed Gray code based TDC has glitch free characteristics even if there are some amounts of mismatches among delay elements. Section 6 provides conclusions.
Residue Arithmetic TDC and its Drawbacks
The drawbacks of the flash architecture motivate the development of residue arithmetic (RA) based TDC (8) (9) . This section review the residue arithmetic based TDC and addresses its glitch problem. Table 1 shows the case of m1= 2, m2 = 3, m3 = 5, and we see that each k is mapped to residues of (m1, m2, m3) one to one.
Residue Arithmetic Based TDC
This mathematical basis is called as residue arithmetic and/or modular arithmetic. For example, the above-mentioned algorithm to obtain an integer x from 1, 2, , ak k r is generally known as remainder theorem (10) . Here a large integer x is represented by a set of smaller integers ak , so that computation can be performed independently and in parallel.
We have considered to design a TDC architecture based on the residue arithmetic (9) . In the TDC circuit, the signal is "time" instead of "voltage", and the residue can be easily obtained with a ring oscillator. A residue arithmetic based TDC can be conceived by grouping several ring oscillators to operate on the same input. Fig.2 shows an RA-based TDC in the case of m1= 2τ, m2= 3τ, and m3 = 5τ. The residues a (mod 2τ), b (mod 3τ), c (mod 5τ) are obtained with three different ring oscillators with the same input.
RA-based TDC can measure the time elapsed between START and STOP incoming pulses and output the residues a, b, c as a) Correspondence to: Congbing Li. E-mail: t13802483@gunma-u.ac. 2) When START signal goes from LOW to HIGH, three ring oscillators begin to oscillate.
3) When STOP signal is on the rising edge, i.e., LOW-to-HIGH transition, the DFFs are triggered and the value of D is transferred to the output Q.
4) The Q values are transferred into the residues a (mod 2τ), b (mod 3τ), c (mod 5τ) by the encoders.
The corresponding k can be achieved from "a, b, c" based on the residue number system. So the time interval between START and STOP is equal to k × τ. This glitch problem is due to the fact that when k changes from d to d +1, all of m1, m2, …, mr values have to change. However if there are delay mismatches in ring oscillators, some of them may change but others may not in case that the timing difference between START and STOP is on the boundary between d and d +1; this causes a large glitch.
Take RA-based TDC in Fig.2 with τ = 20 ns for example. Fig.3(a) shows the output digital codes achieved when all the there are no mismatches among the delay stages. Fig.3(b) illustrates the output digital codes generated when mismatches exist among the delay stages, and we see that glitches occur in the time-domain when there are mismatches among the delay stages: this triggers an instability in the output digital codes.
Gray Code Based TDC Architecture
In this section, we show a new type TDC based on Gray code to reduce the hardware and chip power consumption significantly and remove the glitches effectively compared to the flash-type TDC and RA-based TDC, while keeping comparable performance. Table 1 . An integer k and its corresponding residues of (m1, m2, m3). 
Gray Code
A Gray code, also known as the reflected binary code, is a binary numeral system where two successive values differ in only one bit (binary digit) (5) . Gray code was originally designed to prevent spurious output from electromechanical switches. Table 2 illustrates the difference between Natural Binary and Gray codes. With Gray code, only one of G3, G2, G1, G0 in 4-bit case changes state from one position (decimal k) to another (decimal k +1). This feature prevents certain data errors which can occur with natural binary code during state changes.
For example, look at the natural binary code sequence in Table 2 , the number 7 represented as 0111. As it changes to 8, every bit changes state, to 1000. Every value changes from either 1 to 0, or 0 to 1. If all of these bits changed instantaneously, and synchronously, from one state to the other, there would never be any problem. However, in a highly capacitive circuit (or sluggish system response), some bits would flip before others. Since every bit is changing in this example, depending on the order they change, it might produce an output of any value from this collection of bits. In other words, if for the bits that should be changed for a small amount of the TDC input change, some are changed and the others are not, the TDC output error can be very big in natural binary code.
In the 4-bit Gray code sequence in Table 2 , between any two adjacent numbers, only one bit changes at a time. Even from position 7 to 8, Gray code only changes one bit state. The sort of error mentioned above is not possible with Gray code, so the data is more reliable. In other words, even if the bit that should be changed does not change for a small amount of the TDC input change, the error is only 1 LSB in Gray code.
Furthermore, this characteristic allows a circuit to perform some error checking, i.e. if more than one bit changes for a small amount of the input change, the data must be incorrect.
Natural Time-Domain Gray Code Bit Generator
In a ring oscillator, between any two adjacent states, only one output changes at a time. This characteristic is very similar to Gray code.
For example, as illustrated in Fig.4 , two successive states of the 8-stage ring oscillator differ in only one output. The output R3 is the same as the Gray code bit G2, and R7 is the same as G3.
Ring oscillator is a natural time-domain Gray code bit generator. For any given Gray code, its each bit can be generated by a certain ring oscillator.
3.3 Proposed Gray Code Based TDC Architecture As a ring oscillator is a natural time-domain Gray bit code generator (8) , a Gray code TDC architecture can be conceived by grouping a few ring oscillators to operate on the same input. Fig.5 shows the proposed Gray code TDC in 4-bit case. The Gray code bit G0 is generated by a 2-stage ring oscillator, and G1 is generated by a 4-stage ring oscillator, and G2, G3 are generated by 8-stage ring oscillators.
This TDC can measure the time elapsed between START and STOP incoming pulses and output the binary digital representation of the time interval as follows: 1) When START signal is in LOW state, three ring oscillators are initialized by Initial Value.
2) When START signal goes from LOW to HIGH, three ring oscillators begin to oscillate.
3) When STOP signal is on the rising edge, i.e. LOW-to-HIGH transition, the DFFs are triggered and the value of D is transferred to the output Q. Each Q stands for a certain Gray code bit. R0  R1  R2  R3  R4  R5  R6  R7  G3  G2  G1 4) All the generated Gray code bits are delivered to Gray code decoder, as illustrated in Fig.6 , and transferred into binary code, which represents the time interval between START and STOP.
RTL simulation was conducted to verify the characteristics of Gray code TDC in Fig.5 . The delay of each buffer is equal to 10 ns, and START signal goes from LOW to HIGH at 100 ns. RTL simulation waveforms are illustrated in Fig.7 . We can see that the proposed 4-bit Gray code TDC works as expected in the time domain.
Note that the proposed Gray code TDC uses only 14 delay cells and 4 flip-flops, and the maximum stage of the ring oscillator is 8, while the corresponding flash TDC requires 16 delay cells and 16 flip-flops, and the maximum stage of the ring oscillator is 16.
In general, for a measurement range of 2 n , the proposed Gray For large measurement range, the number of flip-flops in the proposed TDC decreases rapidly ( 2 n n 2 n ) compared with flash-type TDC, which reduces the hardware and chip area consumption significantly. Furthermore, the maximum stage of the ring oscillator is also reduced by half in the proposed TDC. The use of shorter delay lines reduces also the integral non-linearity caused by mismatches between the delay stages.
Similarly, 6-bit and 8-bit Gray code TDC architectures can be conceived by a group of ring oscillators (Fig.8). 
FPGA Implementation of Gray Code TDC
A proof-of-concept 4-bit Gray code TDC in Fig.5 is implemented on FPGA (Fig.9) . For the 4-bit Gray code TDC, inputs "START" and "Initial Value" are connected to user push buttons, and "STOP" is connected to 200 MHz FPGA clock. Outputs "B3 B2 B1 B0" are delivered to user LED. Each buffer is realized by a delay flip-flop with 100 MHz clock frequency, i.e. the delay of each buffer is equal to 10 ns.
The measurement starts by pushing the START push button, which produces a rising edge "START" signal. ChipScope is applied to probe the internal signal of FPGA (11)(12) . We can see from Fig.10(a) that the proposed 4-bit Gray code TDC works with good linearity as expected. Similarly, proof-of-concept 6-bit and 8-bit Gray code TDC architectures were implemented on FPGA and measured ( Fig.10(b), (c) ).
Glitch-Free Characteristics
The proposed Gray code TDC has a unique characteristic where only one output of the DFFs changes state with each clock pulse, so it can provide a glitch-free binary code sequence, i.e. no out-of-sequence code, even there are some amounts of mismatches among the delay stages.
RTL simulation was conducted to verify this characteristic. In Fig.11(a) , mismatches happen among the delay stages in 4-bit Gray code TDC. Fig.11(b) shows the RTL simulation waveforms. From Fig.7 , we can see that in no mismatch condition, for Gray code, the waveform 1 n G always has signal edges at the center of As this glitch-free advantage is achieved from the unique characteristics of Gray code, where only one output changes at a time between any two adjacent states, for Gray code waveforms, the signal edges of ( 0) n G n should be within the range of the corresponding rectangular wave of G0, as illustrated in Fig.12 . Otherwise, the unique characteristics of Gray code will no longer exist, i.e. glitches will appear.
The allowable maximum delay mismatch can be calculated based on above analysis. For example, for 4-bit Gray code TDC in Fig.11(a) , the allowable maximum delay mismatch between G0 ring oscillator stage and G1 ring oscillator stage is equal to 10 ns.
Conclusion
This paper proposed Gray-code based TDC architecture, which reduces hardware and power drastically compared to the flash TDC while keeping performance, and also having glitch-free characteristics which is advantage over the residue arithmetic TDC. RTL simulation and FPGA measurement results validated the effectiveness. We conclude this paper by remarking that our TDC design work used only RTL (without SPICE) simulation and FPGA (instead of full custom CMOS) implementation, which would be suitable for mixed-signal SoC design in nano-CMOS era (13) .
